The ACA (Atacama Compact Array) system is an important element of ALMA and consists of four ACA 12-m antennas and twelve ACA 7-m antennas. The ACA system aims to acquire the total power data with four 12-m antennas and the short baseline interferometer data with 7-m antennas. The ACA system also increases reliability of the interferometer maps of astronomical sources larger than the field view of the 12-m antenna. The science performance of these antennas has been extensively verified at OSF (operation support facility) at an elevation of 2900 m in Atacama desert in northern Chile since 2007. The pointing performance has been verified with a dedicated optical pointing telescope, the servo performance is tested with angle encoders, and the surface accuracy has been measured with a radio holography method. Both ACA 12-m antennas and 7-m antennas have been successfully demonstrated to meet the very stringent ALMA specifications.
INTRODUCTION
ALMA (Atacama Large Millimeter/submillimeter Array) is a radio interferometer array under construction in the Atacama Desert at an altitude of approximately 5000 meters in northern Chile in the frequency range from 31.3 to 950 GHz (10 -0.35 millimeter in wavelength) [1] [2] [3] [4] [5] [6] . ALMA consists of fifty 12-m antennas and "Atacama Compact Array (ACA)". The ACA system is composed of four 12-m antennas and twelve 7-m antennas both of which are delivered by NAOJ (National Astronomical Observatory of Japan). The science operation of ALMA will be performed for 24 hrs. Since the ACA antennas are exposed, the antenna should meet the specification with solar irradiation load and wind load. 
Operating Conditions
ALMA defines primary operating conditions under which science observation can be performed having full performance of the antenna. The concrete parameters are summarized in Table 1 . Table 2 shows the major specification summary of ACA 12-m and 7-m antennas. 
Specification of ACA 12-m and 7-m antennas

Common Design for 12-m Antenna and 7-m antenna
The ACA antennas are designed, manufactured, and integrated by Mitsubishi Electric Corporation (MELCO). The antenna has a steel mount structure and is equipped with a receiver cabin made of steel. We have employed direct drive mechanism both to achieve a fast position switching capability and smooth drive at low to high velocities. The angle encoders are multi-pole resolvers with a 25-bit resolution that have demonstrated their high performance on the ASTE 10-m antenna [7] . The ACA antennas are equipped with a metrology system to correct pointing errors in real-time. The metrology system is composed of reference frame structures made of materials with low thermal expansion coefficient in the yoke and base structure.
ACA 12-m Antenna Main Reflector
The surface consists of seven rings of machined aluminum panels and the total number of panels is 205. The reflector surface has a suitable surface treatment to enable direct solar observing. Each reflector panel is mounted by four or five adjusters onto a reflector backup structure (BUS). Its backup structure (BUS) consists of low thermal expansion coefficient material; invar central hub, CFRP tube, invar joints, and CFRP board in order to guarantee the thermal stability demanded by the antenna. Further, to keep BUS temperature as uniform as possible, 16 blowers inside the BUS are installed. The subreflector support structure is also made of CFRP to ensure the performance under thermal load.
ACA 7-m Antenna Main Reflector
The primary reflector surface consists of machined aluminum panels. The reflector surface has a suitable surface treatment to enable direct solar observing. The reflector surface is mounted by three adjusters per panel onto a reflector backup structure (BUS). The BUS has a truss structure constructed of steel and has fans to stabilize the temperature distribution in order to minimize thermal deformation of the main reflector. The subreflector support structure is also made of steel and is thermally stable by circulating the air by a fan located at the foot of the structure.
PERFORMANCE MEASUREMENTS AND RESULTS
Absolute Pointing
All sky pointing measurements have been conducted with ACA antennas to evaluate the absolute pointing performance [8] [9] . An optical pointing telescope onboard the BUS [10] is used for pointing measurements. Number of observed stars is typically around 120 which are well distributed on the whole sky and it takes about 30 minutes to complete a single set of observing run. The data were recorded as both processed stellar images and centroid positions of stars. We analyzed those data sets each of which contains at least more than 70 stellar images. We have obtained twenty or more all-sky pointing data sets for each antenna during two to four weeks of a pointing performance verification campaign.
The following procedures are applied as a standard analysis procedure. We exclude outliersand data taken at El lower than 20 degree. The pre-determined pointing model is applied for all the data sets. Fitting Az/El offset to the data and subtracting them from the data using the TPOINT telescope pointing analysis software [9] , and one example of TPOINT output is given in Figure 2 . The residual errors are evaluated by taking "population standard deviations".
In order to subtract the centroid fluctuation, a two minute-long continuous tracking of a bright star is performed and the stellar images with 1 second integration are collected. We take standard deviation of measured centroid fluctuation of the star within every 10 seconds, and we estimate seeing size as an average of them. The seeing measurement was performed before or after absolute pointing tests. The average optical seeing for 1 sec integration at the zenith was 0".2-0".4 dependent environment conditions. The value obtained from the nearest seeing measurement is adopted as the corresponded seeing value of each absolute pointing test. (1)
The term AP obs is apparent pointing error from nighttime measurements. The term dθ s (El=50) is error of the centroid position within 1 second integration due to optical seeing at elevation being equal to 50 degree. Seeing induced error is subtracted individually from pointing error of each observation run using the estimated value. The term dθ tw is wind induced tracking error for all sky at the AOS, which is estimated from a FEM model calculation. Wind induced tracking error during test observations [dθ tw (obs)] is estimated by considering the OSF and AOS pressure difference. The term dθ mr is pointing error caused by the main reflector thermal metrology system. It consists of metrology estimation error and metrology sensor error. The term dθ sr is pointing error caused by the subreflector position error which is not able to evaluate by the optical pointing telescope.
When we take root-square-sum of all the components and as a result the RMS value of dθ tw (night)) is evaluated compared against the absolute pointing specification of 2".0. So far all the ACA 12-m antennas (AP w (night)=1".5 -1".8) and ACA 7-m antennas (AP w (night)= 0".9 -1".3) meet the absolute pointing specification.
Offset Pointing
Offset pointing measurements were performed at nighttime with the optical pointing telescope. A group of three to five stars that are within 4 degree on the sky were selected and the telescope cycles between them over 15 minutes. Twenty four or more runs were carried out per antenna to achieve reasonable coverage of the entire sky.
The analysis of offset pointing observing runs proceeded as follows using the TPOINT software. We determined Az/El offsets using the first star of measurement. We subtract the offsets from the remaining data. After that a residual error shown in Figure 3 is evaluated. We adopted "population standard deviations" as offset pointing errors. Similar to the absolute pointing, the offset pointing performance is also evaluated in the radio axis. Thus, seeing effect, wind effect, subreflector contribution (not measured by the optical pointing telescope), and metrology sensor errors are appropriately taken into account.
Surface Accuracy
The surface performance is evaluated mainly from holography measurements and FEM analysis under primary operating conditions.
Surface measurements were carried out using near-field holography at 104.2 GHz of ACA 12-m and 7-m antennas located at the OSF. The holography receiver was installed at the prime focus after removal of the subreflector. The transmitter is located on top of a ~50 m tower located at a linear distance to the antenna of 335.7 m. The holography maps were centered at an elevation of ~7 deg. Small variations from the optimum secondary position are corrected offline during the data reduction with the CLIC data reduction software [11] . Periodic pointing observations were also carried out during the observing runs. To reach a 20 cm spatial resolution on the main dish (with a SIGNAL feed taper factor of ~10 dB) in a reasonable time (i.e., ~1 hour), Over-sampled maps (HPBW~56" at 104.2 GHz) covering 1.24 degs were taken at scanning speeds of 300"/sec. Data samples come out of the DSP of the holography receiver at a rate of 48 ms/sample. More detailed description is given by [11] .
The best performance of all the ACA 12-m antenna has achieved less than 8 m after typically three rounds of panel setting on the basis of holography maps as an example shown in Figure 4 . Measurement errors have been evaluated from the difference of two consecutive weighted apodized maps. The typical repeatability of these measurements at night ranges from 3-5 m To evaluate the ambient temperature dependence quantitatively, the thermal behavior of the surface error of ACA antennas is modeled from night time holography maps. First, we apply Zernike polynomial expansion to fit the error pattern of night time holography maps after subtracting the reference (best) map. Second, each Zernike coefficient is linearly fit to ambient temperatures and then, a thermal model is constructed by summing all the Zernike components. Such a thermal model is used to evaluate at the extreme temperature under the primary operating conditions.
The worst surface error is usually observed during daytime as seen in Figure 5 and we found that such a degradation cannot be explained only by ambient temperature change or by wind load. Therefore, the temperature gradient of the structure caused by solar irradiation degrades the surface accuracy. We evaluate the thermal gradient effects from holography maps over a wide range of daytime conditions. First we subtract the reference map and the thermal model in the surface that is predicted by the thermal model due to the difference in the air temperature between the time when the reference map was derived and the air temperature of each map. Using the average map of the three worst residual maps the solar irradiation effect is quantitatively estimated by correcting for measurement error.
Small scale errors which were not sampled by the holography measurement are derived from coordinate measuring machine (CMM) measurements of the panel errors with a resolution of 30 mm. The removal of the larger spatial scales are done by convolving the data with a box function of 240 mm in size and subtracting the convolved version from the CMM data. On average, the fine scale errors are 69 % of all the measured errors with Coordinate Measuring Machine.
Other errors are taken from the FEM results provided by MELCO. The large term in the FEM is gravity deformation. To assess the FEM analysis of gravitational deformation of the main reflector, we have evaluated the bus stiffness of the ACA 12 m antenna by analyzing the sub-reflector focus position variation due to gravitational deformation. The FEM results are compared with the best fit focus curves determined from radio observations. The predicted values as a function of elevation angles from FEM analysis agrees with measurements within 4 %.
All above points are properly incorporated in the calculation and consequently, the surface error of both ACA 12-m antennas (23.8 -24.9 m) and 7-m antenna (19.0 -19.4 m) meet the ALMA specification by setting the dish at 0 degree in temperature.
Servo Performance
Fast switching test measurements were made in the following way. The antenna commanded to switch between two positions (with sidereal tracking) separated by 1.5 degrees on the sky. Metrology was activated during measurements. Measurements are made over a matrix of Azimuth (Az) and Elevation (El) positions; for Az 0 to 360 degrees in steps of 60 degrees, and for El 30 to 60 degrees in steps of 15 degrees. Switch position angles are 270 degrees (Az only), 0 degree (El only), and 45 degrees (both Az and El). At each Az/El matrix position switches of three position angles were done cyclic every 10 seconds and repeated thirty times for each position angle. As a result, total 1620 fast switches have been performed. We obtained the antenna positions from the encoder readings and estimated the antenna tracking error by comparing them to the commanded positions. Tracking errors in both Az and El angles in the fast switching are given in Figure 6 . Figure 6 also shows a histogram of tracking errors of ACA 12-m antenna at 1.8 seconds after starting switches. The antenna positions are settled within 1".8 for 100% of the measurements. Figure 6 also shows a histogram of RMSs of antenna tracking error in the period between 2.3 and 4.3 seconds after start switching motion. For all of the switching performances, tracking errors at that period are much less than the verification condition (0".6). Table 3 summarizes the performance tests of both ACA 12-m and 7-m antennas. So far we have completed evaluation test all the 12-m antennas and nine out of 12 7-m antennas. All these values show that these antennas meet the major ALMA technical specifications.
SUMMARY
